In the last decade, the application of nanomaterials (NMs) in technical products and biomedicine has become a rapidly increasing market trend. As the safety and efficacy of NMs are of utmost importance, new methods are needed to study the dynamic interactions of NMs at the nano-biointerface. However, evaluation of NMs based on standard and static cell culture end-point detection methods does not provide information on the dynamics of living biological systems, which is crucial for the understanding of physiological responses. To bridge this technological gap, we here present a microfluidic cell culture system containing embedded impedance microsensors to continuously and non-invasively monitor the effects of NMs on adherent cells under varying flow conditions. As a model, the impact of silica NMs on the vitality and regenerative capacity of human lung cells after acute and chronic exposure scenarios was studied over an 18-h period following a four-hour NM treatment. Results of the study demonstrated that the developed system is applicable to reliably analyze the consequences of dynamic NM exposure to physiological cell barriers in both nanotoxicology and nanomedicine.
Introduction
Nanomedicine, defined as the application of nanotechnology to healthcare, is an emerging field that promises to facilitate biomedical research and significantly improve medical care [1] . Nanomedicine consists of nanodiagnostics, targeted drug delivery and regenerative medicine and is expected to greatly impact the prevention, reliable diagnosis and treatment of disease [2] . Although nanomedicine is a relatively new field of research, the technology on which it is founded first appeared over a decade ago. For instance, nanoscale technologies, such as colloidal gold, quantum dot semiconductor crystals and iron oxide crystals capable of targeting different cells and extracellular components in the body, are already used to deliver drugs, genetic material and diagnostic agents [3] [4] [5] . The use of magnetic nanoparticles to separate, isolate and detect cells or molecules, such as proteins, peptides and DNA, even dates back to the early 1990s [6] . More recently, however, intra-venous (i.v.) injection of nanoparticles is used in the specific delivery of chemotherapeutic agents and diagnostic agents, as well as in the elimination of cancer cells [7] . However, one should not neglect that these developments will also lead to an increasing exposure of humans and the environment to nanomaterials. Once inside cells, NPs may cause adverse effects and even permanent cell damage [8] [9] [10] . As potential mechanisms, oxidative stress, inflammation, genetic instability and the inhibition of proper cell division have been described, which, depending on the (patho)physiological context, may contribute to cell death [11] [12] [13] [14] . Thus, the discussion about nanosafety aspects and regulations is certainly important and still ongoing [15] [16] [17] [18] .
As the safety and efficacy of nanomaterials (NMs) are of utmost importance, new methods are needed to study the dynamic interactions at the nano-biointerface. Risk assessment of nanomaterials is becoming increasingly important, because of the rising availability of nano-based products on the market. Since the nanocarrier itself is based on its perceived low toxicity (e.g., iron oxide up to 5 mg/mL), the cytotoxic potential of novel nanomaterials is a key parameter that must be thoroughly analyzed during the developmental stage using standard in vitro methods. A major drawback of existing cell-based nanotoxicological assays, however, is that they are conducted using static cell culture conditions employing endpoint detection methods [19] . It is important to note that besides physical and chemical properties of the nanomaterial, also external factors, such as exposure scenarios, including perfusion, influence the cell-particle interaction and therefore modulate toxicity. For instance, it was recently demonstrated that the toxicity of silver NPs increased under perfusion [20] , while the added shear stress alone had only minor biological effects [21] , indicating higher NP uptake rates in dynamic settings. In turn, decreased toxicity was found using fibroblasts that were perfused with quantum dots when compared to static exposure conditions, thus pointing to increased cell stress and lower viability in the presence of particle sedimentation [22] .
To overcome these experimental inconsistences and to address existing limitations of end-point detection methods, including low reproducibility, reliability and accuracy, we have developed a microfluidic regeneration assay to monitor the cytotoxic potential of nanomaterials on in vitro cell cultures. Non-invasive monitoring of cell responses is accomplished using embedded impedance microsensors to readily identify morphological changes in the presence of nanomaterials. In a previous work, we have already applied cellular electric impedance sensing to study the mitigating effects of nanoparticle corona formation on cytotoxicity, thus highlighting the importance of media compositions on nanomaterial-cell interactions [23] [24] [25] [26] . Cellular electric impedance sensing is considered a powerful cell analysis technique and has already been successfully applied to cancer research, determining the effects of novel drug candidates, for instance, on viability [27] , proliferation [28] and morphology [29] , as well as the identification of cellular activity between normal vs. malignant cells and highly-vs. poorly-metastatic cancer cells [30] [31] [32] .
In the present work, we have developed a lab-on-a-chip to assess the regenerative capacity of human H441 lung adenocarcinoma cells following a four-hour administration of silica nanoparticles under varying flow conditions. Pulsatile blood flow in vivo is known to generate physical forces on cells. Therefore, the investigation of shear stress and stretching is important as parameters that can influence nanoparticle uptake and, thus, nanotoxicology. While cyclic stretching reduces the uptake rate of silica nanoparticles, microfluidics cell cultures have been shown to either increase or decrease the uptake of semiconductor quantum dots (QD) and SiO2 particles in the presence of elevated flow velocities [33, 34] . To study the influence of flow velocity on the cytotoxicity of nanomaterials, we have employed a well-established nanotoxicological lung model based on toxic silica nanoparticles (AmSil30) and H441 cells. Using this nanotoxicological model, we have previously shown that serum supplements can alter the bioactivity of nanomaterials, thus modulating the cytotoxicity of silica nanoparticles. [24, 35] Based on these results, nanoparticle exposures are performed using serum-free media in our microfluidic regeneration assay to study the effect of shear force on nanoparticle toxicity.
Experimental Section

Cell Culture
The hyperdiploid epithelial H441 cell line (lung papillary adenocarcinoma, H441 ATCC ® CRM-HTB-174™, ATCC) was cultivated in RPMI-1640 (Gibco 11875-093), 10% fetal calf serum (FCS; Gibco 16000-044) and 1% penicillin/Streptomycin (Gibco 15140-122) at 37 °C and 5% CO2.
Off-Chip Cytotoxicity Assays Using Standard Cell Culture Conditions
Standard cytotoxicity assays commenced with H441 cells seeded at a concentration of 80,000 cells/well and cultivated under standard conditions in standard 96-well plates (Corning ® ) until a cell surface coverage of 50% and 100% was reached. After this initial propagation period, medium was aspirated, replaced with serum-free medium, and cells were incubated for 60 min prior to nanoparticle administration. Next, the medium was changed to serum-free medium containing AmSil30 (NexSil20; NYACOL Nano Technologies, Inc., Ashland, MA, USA) for 4 h. The regeneration phase was initiated by aspirating the AmSil30-containing medium with serum-containing medium for an additional 20 h. Cell viability and metabolic activity was tested using tetramethylrhodamine ethyl ester perchlorate (TMRE; 87917, Sigma Aldrich, Vienna, Austria) and standard MTT assays, respectively.
The determination of cell viability was based on fluorescent membrane potential stain TMRE added to the well plates at a concentration of 25 nM in complete culture media and incubated for a period of 20 min at 37 °C in the absence of light. Further, a LIVE/DEAD ® Viability/Cytotoxicity Assay Kit (Life Technologies, Fisher Scientific GmbH, Vienna, Austria) staining solution in PBS (1 µL Component A and B mL −1 ) was prepared according to the manufacturer's instructions. The culture medium was removed by rinsing with DPBS; 500 μL of the staining solution was added to each microwell and incubated for 10 min at room temperature. For both assays, fluorescence images were taken using a TE2000-S inverted fluorescence microscope (Nikon) equipped with a DS-Qi1Mc digital camera. All fluorescence images were recorded using a TRITC filter block (excitation at 540 nm, emission at 605 nm; Nikon) and processed using the manufacturer's NIS-elements software (Nikon). For assessment of cell viability within the microfluidic chip LIVE/DEAD ® Viability/Cytotoxicity Assay Kit (Life Technologies, Vienna, Austria), staining solution was prepared according to the manufacturer's instructions. The culture medium was removed by rinsing the microfluidic chip with DPBS; 200 μL of the staining solution was injected into the microchannel and incubated for 10 min at room temperature. Evaluation of the metabolic activity was conducted using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma Aldrich, Vienna, Austria) added to the well plates at a concentration of 650 μg/mL in culture media. After 1 h at 37 °C, the MTT/medium mix was exchanged with 200 μL DMSO/well (A3672,0250; AppliChem GmbH, Darmstadt, Germany). The well plate was then wrapped in aluminum foil for light protection and mechanically agitated for 30 min at RT on a shaker. The well plates were analyzed via an EnSpire ® Multimode plate reader (excitation at 570 nm, absorption at 690 nm; PerkinElmer, Vienna, Austria).
Lab-on-a-Chip Fabrication
A detailed description of our 3 × 3 cm hybrid microdevices fabrication methods, including standard clean room processes and soft lithography techniques, can be found elsewhere [36, 37] . The biochip was comprised of a glass-polydimethylsiloxane (PDMS)-glass sandwich architecture containing four cell cultivation chambers each consisting of individual addressable interdigitated electrode structures (IDEs) as impedance sensors. Excess ports for the fluidic inlets and outlets were drilled at the glass top of the chip and connected via tubing to external syringe pumps. The middle layer was composed of PDMS (SYLGARD ® 184 Silicone Elastomer Kit, Dow Corning GmbH, Wiesbaden, Germany) and defined the size and volume of the cell culture chambers. The bottom of the chip was made of glass (Schott, Borofloat ® ) containing 50 nm-thick sputtered gold IDEs (20-µm spacing and 20-µm finger width), leads and contact pads. The IDEs were connected using spring-loaded PCB connectors via wires to a VMP3/P-01potentiostat (BioLogic), and data were recorded using the manufacturer's EC Lab software (v10.34).
Device Preparation and on-Chip Impedimetric Regeneration Assay
Device preparation for cell culture handling included rinsing with 70% ethanol at a flow rate of 40 µL/min for a minimum of 40 min. The system was then heated to 37 °C; complete cell culture medium was introduced for more than 1 h prior to experimentation. Bubble-free cell inoculation was performed through a four-way valve typically using concentrations of approximately 400,000 cells/mL seeded into the cell culture chambers. Following a 30-min cell attachment period under static conditions, medium perfusion was activated using the syringe pump at a flow rate of 4 µL/min. Continuous and uninterrupted medium was supplied for an additional 2-3 days until the creation of confluent cell layers was visually confirmed. Nanoparticle administration was performed similar to the protocol used in off-chip cytotoxicity assays in the absence or presence of increasing flow rates (e.g., 4 µL/min or 40 µL/min). Following a 4-h incubation period, the cellular regeneration phase was initiated by replacing the AmSil30-containing medium with serum-containing medium for an additional 20 h.
Results and Discussion
Characterization of the on-Chip Impedance Biosensors
The key feature of the presented lab-on-a-chip system is the combination of multiplexed impedance biosensors with microfluidics to continuously and non-invasively monitor dynamic cell-nanoparticle interactions. Figure 1 shows the schematic layout of the developed lab-on-a-chip consisting of four cell chambers each containing an embedded impedance microsensor and selected exposure scenarios. During the presented cell-based microfluidic assay, acute (static), as well as perfused (chronic) nanoparticle exposure scenarios can be simulated, and cancer cell regeneration is tested using impedance gold electrodes.
Since cell type and cell culture origin are known to affect the sensitivity and reproducibility of impedimetric biosensors, it is first necessary to assess biosensor performance using the respective cell culture model under investigation [38, 39] . Initial impedance optimization included frequency analysis ranging from 1 kHz-500 kHz to determine the highest sensor sensitivity to H441 lung papillary adenocarcinoma cell lines. In Figure 2a , a representative sensitivity graph is shown exhibiting the highest signal change of 260 Ohms at 14 kHz using the 20-µm IDE sensors (finger-to-spacing ratio of 1:1). Sensor sensitivity is defined as the maximum signal change in the absence and presence of a fully-covered sensor surface with epithelial cells. To reduce the amount of generated data over a 2-3-day cell culture period, single frequency impedance measurements at 14 kHz were used for all subsequent on-chip experiments. To further demonstrate the reproducibility of the on-chip IDE impedance biosensors, cell adhesion curves are recorded in quintuplicates using different biochips and sensors. Results in Figure 2b show an overall signal variation of <10% between the different cell culture chambers at the time of barrier formation (e.g., max. 8.6% deviation from the mean value at t = 70 h), thus demonstrating the reproducibility of the microfluidic cell culture handling procedure. The observed impedance time traces point to similar cell adhesion, spreading and proliferation rates that lead to the establishment of a confluent monolayer and epithelial barrier formation 50 h post-cell seeding, as indicated by the impedance signal plateau. Next, bioassay performance was investigated by studying sensor responses to detachment and re-attachment of cells. In a series of experiments, H441 cells were cultivated over 50 h until the formation of a tight epithelial barrier, while cell injury was simulated by mechanical cell detachment. The result of the assay performance analysis is shown in Figure 2c , where the initial impedance drop of 300 Ohm and signal recovery indicate rapid cell detachment followed by a 14-h regeneration phase and cell proliferation. Final bioassay characterization involved the assessment of the influence of medium composition on cell behavior, since nanoparticle administration is performed under serum-free conditions to avoid protein corona formation known to mitigate nanoparticle toxicity [24, 35] . Impedance time traces shown in Figure 2d feature an immediate impedance trop indicating that H441 cells rapidly react to serum depletion (starvation). However, following the addition of 10% FCS, cells fully regenerated within 1 h post-starvation and continued to proliferate, as indicated by the rising impedance values for the subsequent 13 h, thus pointing to the feasibility of using cellular regeneration dynamics as an indicator of cell viability in nanotoxicological studies.
Toxicological Characterization of AmSil30 Nanoparticles
Before conducting on-chip microfluidic regeneration assays, the cell viability and metabolic activity of epithelial H441 cells were investigated using standard static cell cultures to identify sub-toxic, as well as EC50 values for AmSil30 silica nanoparticles. Results of this nanotoxicological study using TMRE mitochondrial membrane potential dye to indicate cell viability are shown in Figure 3a and revealed that AmSil30 nanoparticle concentrations between 600 µg/mL and 6 mg/mL are highly toxic for H441 cells, while 60 µg/mL showed reduced and 6 µg/mL almost no cytotoxicity effects. Similar results were obtained using a live/dead cytotoxicity assay kit, as shown in Figure 3a (bottom panel) ; however, for 60 µg/mL of silica nanoparticles, which was previously reported to have no significant effect on H441 cell viability [40] , the two viability assays distinctly differed and showed that cytotoxic potential is clearly dependent on cell surface coverage. Therefore, to further investigate the effects of increasing silica nanoparticle concentrations on H441 epithelial cell cultures at different cell surface coverages, quantitative analysis of AmSil30 cytotoxicity was performed using MTT assays in subsequent experiments. Results of the viability study are shown in Figure 3b demonstrating a distinct dose-time response in the presence of different cell culture densities. While an EC50 value of 120 µg/mL was calculated for 50% confluence, a significant EC50 shift to 240 µg/mL was observed using a fully-confluent (100%) cell layer. These results indicate that islands of proliferating cells, as well as non-confluent cell layers react more sensitively to cytotoxic nanomaterials than intact epithelial cell monolayers that resemble an epithelial lung barrier.
Comparison of Acute and Chronic NP Administration Scenarios on H441 Tumor Regeneration
In a comparative study, two nanoparticle treatments are investigated that simulate either acute or chronic exposure scenarios to reflect real-world situations of the lung. In subsequent on-chip experiments, tight cellular barriers were first established within the cell chambers, and the influence of acute to chronic nanoparticle exposures on the capability of H441 tumor cells to regenerate are followed after a 4-h treatment period with the EC50 concentration of AmSil30 nanoparticles (240 µg/mL). Figure 4 shows three replicate impedance time traces of H441 tumor cell regeneration behavior over a period of 20 h using untreated, acute and chronically-exposed cell cultures (see also Figure 1 ). Results show an immediate impedance drop to −217.4 ± 75.98 Ohm in the presence of the acute (static) scenario and −250.7 ± 36.98 Ohm for the chronic (4 µL/min flow) exposure scenario, respectively. However, while in control experiments (no nanoparticles), H441 cells readily re-attached, leading to an impedance increase of +274.87 ± 29.17 Ohm; regeneration behavior varied distinctly in the presence of acute and chronic exposure scenarios. The observed continuous impedance signal loss after administration of nanoparticles points to progressive cell damage and cell death over the remaining 20 h cultivation period. These findings correspond well to the MTT results, which showed severe cytotoxic effect on H441 cells during 4 h of nanoparticle exposure. Although, similar in the overall shape, impedance time traces following acute and chronic exposure can be readily distinguished, thus indicating that nanoparticle administration influences regeneration behavior. Most notably, standard deviations of impedance traces and signal variance between experiments decreased in the presence of chronic (perfused) particle exposure, thus improving the reproducibility of the impedimetric microfluidic regeneration assay. 
Impact of Increasing Flow Rates on Tumor Regeneration during NP Administration
Since flow rates are known to influence nanoparticle uptake rates and toxicity, the impact of increasing flow rates on the capacity of lung cells to regenerate is investigated in subsequent experiments. Results of the nanotoxicological study are shown in Figure 5 , where cellular regeneration in the absence and presence of sub-toxic concentration of silica nanoparticles (30 µg/mL) is monitored following exposure at 4 µL/min and 40 µL/min flow rates. Obtained impedance time traces of H441 lung cell regeneration are remarkably different between the various exposure scenarios, thus highlighting the importance of assessing cellular dynamic behavior. For instance, while similar regeneration behavior was found in the absence of flow (static exposure) and control experiments (no particle treatment), nanoparticle exposure under flow conditions resulted in decreased regeneration capacity, therefore pointing to increased toxicity. Interestingly, although the untreated control and the static exposure experiment revealed complete regeneration capacity already after 3 h, the lower impedance values and plateau level obtained in the presence of sub-toxic silica nanoparticles may indicate a loss in viability. In contrast to these results, administration of AmSil30 nanoparticles at an increased flow rate of 40 µL/min led to an immediate impedance drop to −355.26 ± 7.37 Ohm, indicating severe cell damage and death. Impedance time traces in the presence of 30 µg/mL silica nanoparticle look similar to those obtained under static treatment of H441 cell cultures using concentrations of 240 µg/mL or the EC50 level, thus indicating increased nanoparticle uptake during the 4-h exposure time. To clarify these results, H441 cells were subjected to a 40-µL/min flow rate for 4 h without the addition of silica nanoparticles. As seen in Figure S1 , neither downward impedance drops nor morphological changes were observable for the regeneration of H441 cells exposed to 40 µL/min flow (0.0025 dyn/cm 2 ) in the absence of nanoparticles. The most striking cellular regeneration behavior, however, is found following the exposure of a sub-toxic concentration of silica nanoparticles at a 4 µL/min flow rate. While an initial impedance increases of approximately 30 Ohm/h point to active regeneration behavior within the first 10 h, H441 lung cells underwent a period of diminished capacity to form a fully-regenerated tight epithelial cell barrier in the remaining 10 h. during the chronic silica nanoparticle (AmSil30) administration scenario at sub-toxic particle concentrations on H441 tumor regeneration over a 20-h regeneration phase with untreated cells (n = 3; ▼) and static exposure (n = 1; ▲) as control groups.
Conclusions
Besides the physical and chemical properties of nanomaterials, also external factors, such as perfusion, influence the cell-particle interaction and, consequently, the intracellular uptake. It has been shown that results based on conventional static significantly differ from perfused cell culture systems. For instance, static conditions drastically affect the outcome of dosage optimization studies and bioactivity assays due to the gravitational settling of NPs [26] . To study the influence of flow velocity on cell-based assays, microfluidic devices have become an attractive tool to provide defined and reproducible stimulation scenarios that allow the reliable investigation of cellular physiology in a dynamic cellular microenvironment [41] [42] [43] [44] . The additional recent trend to combine microfluidics with non-invasive biosensors has created new opportunities to obtain time-resolved and dynamic information on the health status of in vitro cell cultures [45] [46] [47] [48] .
In the present study, we have developed a microfluidic cell culture system containing integrated impedance microsensors to continuously and non-invasively monitor the regenerative capacity of human lung adenocarcinoma cells following dynamic administration of silica nanoparticles. The main advantage of our microfluidic regeneration assay is the paradigm shift from conventional static to perfused nanoparticle administration under multiple flow conditions, which is accompanied by a severe impact on the nanomaterial-cell interaction, thus the cytotoxic potential of nanomaterials.
Overall, these results demonstrate that in addition to the physical (e.g., size), chemical (e.g., surface coating) and biological (e.g., toxicity) characteristics of the nanoparticle, cellular nanoparticle uptake and toxicity is also governed by applied fluidic exposure scenarios. Furthermore, impedance time traces recorded with integrated biosensors revealed that only the ability to continuously assess the regeneration behavior provides adequate information on the dynamic cellular behavior, especially for concentrations below the cytotoxicity threshold. The presented results indicate that apart from the concentration of nanoparticles, as well as media composition, also the strategy of nanoparticle administration severely impacts cell viability and regeneration, thus the bioactivity of nanomaterials. Consequently, in addition to perfused administration scenarios, continuous monitoring of cellular responses before, during and after nanoparticle exposure needs to be considered for future in vitro nanotoxicology assays.
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